AV411 (ibudilast; 3-isobutyryl-2-isopropylpyrazolo-[1,5-a]pyridine) is an antiinflammatory drug that was initially developed for the treatment of bronchial asthma but which also has been used for cerebrovascular and ocular indications. It is a nonselective inhibitor of various phosphodiesterases (PDEs) and has varied antiinflammatory activity. More recently, AV411 has been studied as a possible therapeutic for the treatment of neuropathic pain and opioid withdrawal through its actions on glial cells. As described herein, the PDE inhibitor AV411 and its PDE-inhibition-compromised analog AV1013 inhibit the catalytic and chemotactic functions of the proinflammatory protein, macrophage migration inhibitory factor (MIF). Enzymatic analysis indicates that these compounds are noncompetitive inhibitors of the p-hydroxyphenylpyruvate (HPP) tautomerase activity of MIF and an allosteric binding site of AV411 and AV1013 is detected by NMR. The allosteric inhibition mechanism is further elucidated by X-ray crystallography based on the MIF/AV1013 binary and MIF/AV1013/HPP ternary complexes. In addition, our antibody experiments directed against MIF receptors indicate that CXCR2 is the major receptor for MIF-mediated chemotaxis of peripheral blood mononuclear cells.
AV411 (ibudilast; 3-isobutyryl-2-isopropylpyrazolo- [1,5-a] pyridine) is an antiinflammatory drug that was initially developed for the treatment of bronchial asthma but which also has been used for cerebrovascular and ocular indications. It is a nonselective inhibitor of various phosphodiesterases (PDEs) and has varied antiinflammatory activity. More recently, AV411 has been studied as a possible therapeutic for the treatment of neuropathic pain and opioid withdrawal through its actions on glial cells. As described herein, the PDE inhibitor AV411 and its PDE-inhibition-compromised analog AV1013 inhibit the catalytic and chemotactic functions of the proinflammatory protein, macrophage migration inhibitory factor (MIF). Enzymatic analysis indicates that these compounds are noncompetitive inhibitors of the p-hydroxyphenylpyruvate (HPP) tautomerase activity of MIF and an allosteric binding site of AV411 and AV1013 is detected by NMR. The allosteric inhibition mechanism is further elucidated by X-ray crystallography based on the MIF/AV1013 binary and MIF/AV1013/HPP ternary complexes. In addition, our antibody experiments directed against MIF receptors indicate that CXCR2 is the major receptor for MIF-mediated chemotaxis of peripheral blood mononuclear cells.
cross-reactivity | drug repositioning | cytokine | inflammation A V411 (ibudilast; 3-isobutyryl-2-isopropylpyrazolo-[1,5-a]pyridine) is an antiinflammatory drug used clinically in Japan as a treatment for bronchial asthma at least in part through its effects on the inhibition of phosphodiesterases (PDEs). This action leads to increased levels of cGMP and inhibition of tracheal smooth muscle contractility (1) . Because these increased levels of cGMP result in a potentiating effect on the antiplatelet function of endothelial cell nitric oxide, AV411 also has been used for cerebrovascular disorders, such as poststroke complications (2) . An increasingly recognized approach for treating various neurological conditions including chronic pain involves attenuation of glial cell activation in the CNS (3) . Indeed, experiments involving AV411 on glial cells have led to animal and clinical studies of its effects on neuropathic pain, opioid withdrawal, and potentiation of acute opioid analgesia (4, 5) . Animal studies reveal that AV411 is effective in attenuating neuropathic pain in a mechanical allodynia rat model (6) and in reducing glial proinflammatory responses in opioid withdrawal (4) . These CNS effects could not all be explained by PDE inhibition because AV1013, a structural analog with 3-50-fold lower PDE inhibition compared to AV411, exhibits similar efficacy in rat models of neuropathic pain and opioid withdrawal (5, 6) . Significantly, the macrophage migration inhibitory factor (MIF), originally described as a T-cell lymphokine (7, 8) , secreted from microglial cells has been found to contribute to hyperalgesia (9) . The cerebral spinal fluid MIFmediated pain is prevented and reversed in rats by the MIF active site inhibitor (S,R)-3-(4-hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl ester (ISO-1) (9) .
Due to the antiinflammatory and glial cell effects of AV411, the inability to explain these effects only by PDE inhibition, and the possibility that antagonism of glial cell expressed MIF may be an alternate or additional mechanism of AV411 action (9, 10), we tested MIF as a potential target for this drug. The proinflammatory protein MIF is stored in the cytosol but released from cells activated by various agents including endotoxin, exotoxins, cytokines, and glucocorticoids (11, 12) . Once released, MIF activates the receptor CD74 in a complex with CD44 (13), or the chemokine receptors CXCR2 (14) and CXCR4 (15) , initiating a cascade of intracellular signaling (16) . One aspect of MIF that remains enigmatic is the presence of a catalytic site, highly conserved among all MIFs and present between subunits of the trimer (16) (17) (18) (19) . No physiologic substrate for MIF has been identified, but "pseudosubstrates" have been found that allow for screening inhibitors at this site (20, 21) . Small molecule inhibitors as well as active site mutants have been used to verify the importance of this site in MIF action in both cellular studies (22, 23) and in vivo mouse models of severe sepsis (24, 25) .
In this study, we report that phosphodiesterase inhibitor AV411 and its analog AV1013 also inhibit MIF catalytic and chemotactic activity. MIF chemotactic inhibition occurs at concentrations of AV411 demonstrated to be clinically relevant in its therapeutic use in humans (26) . NMR spectroscopic data mapped the AV411 and AV1013 binding sites on the MIF trimer, and crystal structures of the binary rhMIF/AV1013 and ternary rhMIF/ (R)-AV1013/p-hydroxyphenylpyruvate (HPP) complexes have been determined. These findings provide a mechanism by which AV411 and AV1013 act as allosteric inhibitors of MIFand may contribute to related therapeutic functions.
Results
AV411 and AV1013 are Noncompetitive Inhibitors of the MIF Tautomerase Activity. The AV411 and AV1013 structures are depicted in Fig. 1 . AV1013 was designed as an analog to AV411 but exhibits 3-50-fold reduced PDE isoform inhibition activity (Table S1 ). Both compounds were characterized at different concentrations to determine the type of inhibition and the inhibition constant (K i ). Nonlinear regression of dose-response curves from these experiments reveals noncompetitive inhibition as shown in Fig. 1A for AV411. Although the inhibition kinetics of AV1013 were best fit to a noncompetitive inhibition, Lineweaver-Burk analysis does reveal a small variation in apparent K M indicating a possible small effect on substrate binding (Fig. 1B) . The finding that these inhibitors were not competitive led us to examine ISO-1 as a positive control for competitive inhibition, which we previously cocrystallized with rhMIF and found to occupy the active site (23) . In contrast to the other inhibitors, the nonlinear regression analysis of ISO-1 inhibition data reveals competitive inhibition as expected (Fig. 1C) .
We also measured the K d by fluorescence upon the addition of various concentrations of AV411, AV1013, and ISO-1 (Fig. 1) . The measurements were performed in the same buffer system as the kinetic assays but results were similar in 20 mM Tris, 20 mM NaCl, pH 7.4. Quenching of Trp fluorescence was observed in the presence of AV411 and AV1013, but not ISO-1. MIF has only one tryptophan, which is distant from the catalytic Pro1 and exposed to the solvent. Trp fluorescence shifted from 340 to 350 nm when the concentration of AV411 and AV1013 increased. For ISO-1, quenching of Tyr fluorescence was observed. This is consistent with a previously reported crystal structure of ISO-1 with MIF (23) where ISO-1 and Tyr95 make a perpendicular phenol-phenol ring interaction.
AV411 and AV1013 Inhibit MIF Chemotactic Activity. To determine the effect of AV411 and AV1013 on rhMIF-induced peripheral blood mononuclear cell (PBMC) migration, plate-based cell chemotaxis assays were employed. The PBMC migration inhibitory activity of AV411 was determined to be dose dependent, with statistically significant inhibition observed at concentrations as low as 10 nM ( Fig. 2A) . Consistent with the reduced MIF tautomerase activity, the R and S enantiomers of AV1013 were less potent in terms of their ability to inhibit PBMC migration with significant inhibition only observed at 10 μM and no significant difference for either enantiomer ( Fig. 2B and Fig. S1A ). The specificity of compounds AV411 and AV1013 for rhMIF-induced migration was determined by testing their ability to inhibit MIP-1α (CCL3)-induced PBMC chemotaxis. Neither AV411 nor AV1013 reduced the ability of MIP-1α stimulated PBMCs to transmigrate relative to controls and also verified that phosphodiesterase mechanisms are not involved in migration due to MIP-1α (Fig. S1B) . Similarly, IL-8 stimulated PBMC chemotaxis was unaffected by AV411 (Fig. S1C) . As a control on the effect of AV411 on PDE inhibition, we added AV411on the top of the migration chamber in the presence and absence of MIF in the bottom chamber (Fig. S1D) . There is no statistically significant difference in MIF-induced migration with or without AV411 in the upper chamber (p > 0.05) indicating that the effect of AV411 on MIF-mediated PBMC migration is not due to PDE inhibition.
To identify the receptor(s) responsible for MIF-mediated migration, antibodies directed against MIF receptors were tested. Anti-human CD74 did not inhibit MIF-mediated PBMC migration, whereas anti-human CXCR2 inhibited chemotaxis by 69% ( Fig. 2C and Table S2 ). An anti-human CXCR4 monoclonal antibody shows a trend toward inhibition that is not statistically significant (Fig. 2C) . Neither a single antibody nor combinations of antibodies completely abrogated migration ( Fig. 2C and  Fig. S1E ). These studies show that CXCR2 is the major receptor that mediates MIF-induced PBMC chemotaxis.
NMR and X-Ray Studies Elucidate an Allosteric Inhibition Mechanism of MIF. Heteronuclear single quantum coherence (HSQC) (Fig. 3A and Fig. S2A ) and transverse relaxation optimized spectroscopy (TROSY) (Fig. S2 B and C) data were collected on 15 N-rhMIF in the absence and presence of AV411 or AV1013, respectively. Mapping these changes on the three-dimensional trimeric structure of rhMIF shows regions associated with these changes in chemical shifts. For AV411, one region surrounds the active site with some overlapping active site residues, Ile 64 and Phe113 (Fig. 3B Left) . The second region is located behind the active site as shown in Fig. 3B with residue His62 near the pore of the trimer (Fig. 3B Right) . By implementing TROSY experiments that allow for higher resolution and sensitivity relative to HSQC, we measured chemical shifts for AV1013 to rhMIF (Fig. S2 B and C) . Mapping the chemical shift changes on the structure of rhMIF shows some residues that are identical to those observed with AV411. Among these residues are active site residues Tyr36 and Ile-64 ( Fig. S2D and Table S3 ), although the enzymatic analysis revealed that both AV411 and AV1013 were noncompetitive inhibitors. To more fully characterize the binding site of these noncompetitive inhibitors, crystallographic studies were performed.
MIF was cocrystallized with the R-isomer of AV1013 alone and with the substrate HPP. The structures of the binary and ternary complex were determined to 1.7 and 1.25 Å resolution, respectively (Table S4 ). In the binary complex, extra electron density reveals the binding site of AV1013 between the side chains of Trp108 and the active site residue Tyr36 (Fig. 4 A and B) at a location that is distal to the active site. This is consistent with the results of the fluorescence experiment that demonstrates quenching of Trp fluorescence. (In contrast, ISO-1 only quenches tyrosines present in the active site, but has no effect Trp fluorescence.) The chiral center and the amine that distinguishes AV1013 from AV411 are exposed to solvent. Aromatic-aromatic interactions are made by the fused aromatic ring of AV1013 with the phenol ring of Tyr36 and the indole ring of Trp108, and hydrophobic interactions occur with the side chain of Phe113. In the unbound structure, these three amino acids pack together tightly, and there is no cavity in which a molecule can bind (PDB 1MIF) (18) . The binding of AV1013 in this new pocket results in a conformational change in the position of residues 33-36 adjacent to the active site. The backbone atoms of Tyr36 are displaced from their original positions and the aromatic side chain is rotated away from Trp108 toward the active site cavity relative to its position in the unbound protein (Fig. 4C) . The location of this site agrees with one of the sites indicated by the TROSY study (Fig. S2D) .
The ternary complex shows substrate in three active sites but AV1013 only in one allosteric site. The active sites with HPP but no inhibitor are similar and are near symmetry-related proteins that preclude binding or result in ejection of inhibitor during crystal formation. The high resolution of this structure allows us to discern the binding of both the enol and keto forms in these two active sites, with the C3 atom of the keto form very close to the nitrogen atom of the catalytic base, Pro1 (Fig. 5A) . The distance of the C3-N interaction is closer than a typical van der Waals contact with continuous electron density between the two atoms, implying that C3 is sharing a proton with the nitrogen. The stereospecificity of the reaction can be resolved as the pro-R proton of the keto form. The enol form on the other hand, which is in the cis conformation, is bound at the center of the active site.
The remaining active site containing the inhibitor in the ternary complex has similar conformational changes of allosteric site residues as in the binary MIF/(R)-AV1013 structure (Figs. 4C and 5C, and Movie S1). The active site also contains two forms of the substrate. The enol form, however, extends quite close to the phenyl ring of Tyr36 (2.5 Å), which has average B factors approximately 50% greater than Tyr36 in the other two subunits. This suggests the possibility that the conformational change trapped by the inhibitor places Tyr36 in a position that makes binding of the enol form of HPP less favorable. The second form of HPP found in the inhibited active site is positioned with the C3 atom very close to Pro1, but attempts to fit either the keto or enol form were unsuccessful. The angle at atom C3 is too wide for the keto form (which would have tetrahedral geometry at C3) and the C2-C3 dihedral angle is neither cis nor trans as required for the enol form. The dihedral and bond angle restraints were relaxed in order to fit the molecule into the electron density (Fig. 5B) . This observed form occupies the same position as the keto form in the other two active sites except the distance between C3 and the nitrogen of Pro1 is longer, but still closer than expected (2.5 Å) for van der Waals contacts. The oxygen on C2 is near Phe113, which has two conformations in both the inhibited and an uninhibited active site. The primary conformation of Phe113 in the absence of inhibitor is farther from the substrate. However, it is found closer to the substrate in the presence of the inhibitor (Fig. S3) . The dynamic movement of Phe113 into the active site may suppress access of water molecules that could function in proton transfer with the C2 oxygen atom during catalysis. In addition, the movement of the side chain of Phe113 into the active site may slow the movement of HPP into or out of the active site. These changes in active site residues can be explained by the proximity of the allosteric binding site to the active site (Fig. 5C ).
Discussion
In this study, we identified the proinflammatory protein MIF as a potential target for a clinically used therapeutic, ibudilast (AV411) in bronchial asthma and poststroke complications. The neuroprotective mechanism of AV411 includes suppression of leukotriene B 4 , IL-1β, TNF-α, IL-6, and nitric oxide production, and an increase of the expression of the antiinflammatory cytokine IL-10 (27). In neuron and microglia cultures, AV411 also induces the production of NGF, glial-derived neurotrophic factor, and neurotrophin, which adds to its neuroprotective effects (27) . We show that AV411 and a close analog, AV1013, which replaces a methyl group with an amine and has reduced activity against phosphodiesterases (approximately 3-57-fold lower inhibition), inhibit the catalytic activity of MIF. These compounds are noncompetitive inhibitors of the MIF tautomerase activity, which allows for binding of inhibitor to substrate-or product-bound enzyme or to free enzyme.
The structures of rhMIF with the stereoisomer (R)-AV1013 in the presence and absence of the substrate HPP were determined at high resolution. In both the binary and ternary forms, there is extra electron density for an aromatic molecule adjacent to the active site residue Tyr36. This binding site requires a conforma- Fig. 3 and Fig. S2 . The inhibitor binds in a site predicted by the NMR results. (C) Superposition of the complex structure of rhMIF-(R)AV1013 (carbons in green for the allosteric site and yellow for the active site) and apo-rhMIF (carbons in white) showing the conformational shift of Tyr36 that allows AV1013 (all atoms in magenta) to bind. The superposition was performed by overlaying the positions of Cα atoms of residues 2-30 and 37-114 due to larger rms deviations for Pro1 and the loop including residues 31-36. tional change with respect to the apo-structure among tightly packed side chains of Tyr36, Phe113, and the backbone atoms of residues 33-36 in a loop near the entrance of the active site. We speculate that this site forms during normal protein dynamics and AV1013 is able to bind at this site to form aromatic interactions with Tyr36 and Trp108 and induce a conformational change of the active site residue Tyr36. Flexibility of the protein backbone in the vicinity of Tyr36 has been observed in other rhMIF small-molecule complexes. In the case of rhMIF bound to the active site inhibitor (E)-4-hydroxybenzaldehyde-O-cyclohexanecarbonyloxime (PDB 2OOH), Tyr36 of chain B, including main-chain atoms, has two conformations (25) . In the structure of an acetaminophen dimer complexed to rhMIF (PDB 3DJI), there is a side-chain torsion change in Tyr36 (28) . These examples reflect the inherent flexibility of Tyr36. The dynamic motion of Tyr36 allows various small molecules to bind on either side of the side chain, either in the active site or in a previously unidentified allosteric site as shown in the present work.
In the ternary crystal form (1.25 Å), we are able to observe AV1013 binding to one allosteric site and HPP binding to all three active sites. In the substrate-only active sites, the presence of enol and keto forms of HPP is apparent because both are modeled in the active sites with similar occupancies. Modeling these forms as separate entities illustrates the movement within the active site during catalysis as the enol and keto forms interconvert. The HPP-(R)-AV1013 active site contains the enol form as in the other active sites. However, the other observed ligand binds in a location of the active site lodged between Phe113 and the nitrogen of Pro1, which is close to carbon C3 of the ligand. The binding of AV1013 causes the dynamic movement of Phe113 into the active site resulting in the changes noted above.
Inhibition of PBMC chemotaxis by AV411 and AV1013 is robust with no inhibition occurring when MIP-1α or IL-8 is used as the chemoattractant, thereby confirming the specificity of these inhibitors for the MIF pathway ( Fig. 2 and Fig. S1 B and C) . AV411 inhibits MIF-mediated chemotaxis in clinically relevant concentrations (6, 26) (Fig. 2A) . This chemotactic inhibition at low concentrations is incongruous with the K i or K d because only a small percentage of MIF would be inhibited. However, the K i and K d may be overestimated in the nonphysiological conditions of these experiments. For example, the substrate HPP used to measure the K i is a pseudosubstrate because the K m is more than 1,000-fold higher than the in vivo concentration of HPP (20, 29) . MIF has been reported to form complexes with over a dozen proteins (15, (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . Potential interactions between the enzyme and physiological molecules (substrate or protein) may enhance the affinity of the allosteric inhibitors for MIF and result in their robust chemotactic inhibitory effects.
The current results have a number of implications. The noncompetitive inhibition of MIF is consistent with recent findings that dynamics in proteins form allosteric sites leading to specific binding (41) . The MIF allosteric site is absent from the crystal forms of apo-MIF. A minority must be present as a preexisting conformation as it is difficult to grasp how AV1013 or AV411 could induce this site. Once a small molecule occupies this site, a conformational change involving Tyr36 and Phe113 impinges upon the active site. This allosteric site provides a foundation for the discovery and development of MIF inhibitors as therapeutics for disorders including inflammatory, autoimmune, oncogenic, and neurological diseases. Our studies also provide a possible pharmacological mechanism by which clinically relevant AV411 concentrations may contribute therapeutically to MIF-associated bronchial asthma (42, 43) , glial attenuation, and related chronic pain (4, 6, 9, 26) .
Methods
Materials. The human MIF was prepared as previously described (17) . For NMR experiments, minimal media that contained 15 NH 4 Cl (Cambridge Isotope Laboratories, Inc.) was used as the nitrogen source to express 15 N-rhMIF. AV411 was purchased from Sanyo Chemical Laboratory Co., Ltd. Synthesis and resolution of AV1013 is described in Scheme S1 and SI Methods.
Enzymatic and Chemotactic Inhibition Assays. p-Hydroxyphenylpyruvate assay was performed as described previously with a minor modification (44) . The effects of AV411 and AV1013 on 8 nM rhMIF-induced chemotaxis were measured using a plate-based chemotaxis assay as previously described (44) . Details are reported in SI Text.
Fluorescence Spectroscopy. Dose responses were performed by serial addition of inhibitor (14-84 μM) into 14 μM MIF. For these experiments, MIF was titrated with inhibitor and excited at 285 nm for Trp (all inhibitors) and 274 nm for Tyr (for ISO-1). As a reference, the same volume of DMSO was mixed with MIF. Trp fluorescence emission was scanned from 300 to 380 nm. Emission of Tyr fluorescence was scanned from 290 to 310 nm. X-Ray Crystallography. MIF-(R)AV1013 cocrystals were grown with or without HPP as described previously (23) with a few modifications, most notably that crystals were grown at 37 ºC. The structures were determined by molecular replacement using unliganded MIF (PDB 3DJH) (28) . During refinement, dihedral and bond angle parameters in the dictionary files were relaxed for one of the HPP forms in the inhibited site to fit the 1.25 Å electron density. Details are presented in the SI Text.
